Forest biomass has recently been highlighted as a renewable energy source in South Korea. As the Renewable Energy Certificate weight has been revised to encourage the use of forest biomass for energy production, forest operations have focused on the development of new technologies and harvesting methods for the extraction and utilization of forest biomass. This study examined the application of a drum chipper to forest biomass and analyzed the effects of screen size (40, 50, 65, and 80 mm) on productivity, cost, and particle size distribution. When the screen size was 40 mm to 65 mm, the chipping productivity improved by up to 3.6 times, the fuel consumption decreased by up to 29.7%, and the chipping cost was reduced by up to 31.9%. The fines content tended to decrease with an increase in screen size. The size of woodchips was less than 100 mm in length and ranged from 10 to 63 mm. The 65 mm screen was the most effective (e.g., producing optimal wood chip size at an acceptable production rate) for the chipping operation. Harvesting methods and drying time are also important factors that determine the utilization efficiency of forest biomass. Therefore, further research should be focused on the effect of moisture content on chipping productivity, power required, and fine particle size in forest biomass productions. Therefore, extracting forest biomass (small frees, tops, branches, etc.) is still costly, and only a part of afforestation products is collected. In practice, with a cut-to-length harvesting system using a grappled loader, which extracts logs and biomass separately, most of the timber production costs are high in South Korea. Thus, extracting and utilizing forest biomass is not economically feasible [3, 4] . As for all the forest projects, in 2017, the total cut volume was approximately 6.75 million cubic meters, and the harvested volume was approximately 4.7 million cubic meters in South Korea. In other words, approximately 30% of the cut volume was left on forest lands because of the high cost of extraction. Only approximately 18.8% of products derived from afforestation are harvested and utilized [5] . Collecting and using forest biomass from thinning as a whole-tree have the potential to solve the shortages of energy fuels or industrial materials.
Introduction
Due to the successful forest rehabilitation project and continuous afforestation in South Korea, forests with mature stands occupy 72.1% of the entire forest area. As the mature stands become dominant, forest operations such as clear cutting and thinning operations tend to gradually increase [1] . Although demand for wood has increased, most of the richer countries' policies have been to mainly export wood products. The Korea Forest Service (KFS) is going to increase the self-sufficiency ratio of timber from 16.3% (2017) to 25.0% (2035). The production and use of wood are expected to increase [1] . The demand for forest biomass (such as wood chips and pellets) is on the rise and is diversified into Combined Heat and Power (CHP) generation and heating for rural communities in South Korea [2] .
Since 2012, the mandatory Renewables Portfolio Standard (RPS) requires each power utility to generate a certain percentage of power using renewable energy. However, despite an increase in the demand for forest biomass, the management infrastructure has not been sufficiently established. 
Materials and Methods

Study Area and Raw Materials
The study area was located in 1533-4, Yoochon-ri, Gandong-myeon, Hwacheon-gun, and Gangwon-do (38 • 03 10.7" N 127 • 47 26.5" E). The organizations in Hwacheon purchased about 400 tonnes of forest biomass from the school of the Seoul Metropolitan Office of Education (SOME) in South Korea for $22.7/ton. As the organizations could not shred biomass into wood chips on their own, the biomass purchased for this study was composed of miscellaneous trees and had been naturally air dried and left stacked at the site for approximately two years (Figure 1 ). 
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Chipping Operation Using a Drum Chipper
A drum chipper (645T, KESLA, Joensuu and Finland) was used for the test. The drum chipper was operated using the PTO (Power Take-Off) of a 203 horsepower forestry tractor (203T, VALTRA, Suolahti and Finland) and was equipped with a crane and a log grapple ( Figure 2 ). The drum had a diameter of 570 mm and 6 blades (3 blades on the right and left sides, respectively). The screen could be attached between the drum and the outlet of chips. 
Chipping Operation Method
The chipping operation was done to analyze the productivity and cost of wood chips by the screen size (40, 50, 65, and 80 mm) of the drum chipper. The reason for the different screen sizes was that it was the size that consumers could select and use.
The process of the chipping operation was examined by applying the time and motion study method and measuring the sequential operations by means of a stopwatch. The chipping operation was analyzed based on the productive time (ton per hour) only. This study was focused on how different the productivity, fuel consumption, number of feedings per hour, and weight per turn of the chipping operation by screen size were.
The amount of wood chips produced was measured using a 7.5 ton arm-roll truck (FP7.5EM-H11, Finemotors, Gwangju and South Korea) with a 15 m 3 loading bay. After the loading bay was 
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Sampling and Physical Properties' Methods of the Wood Chips
After the chipping operation was complete, wood chip samples were collected from the front, middle, and end areas of the load bay and then stored in three paper bags for moisture content and a 20 liters gunny sack for particle size distribution. To measure the moisture content of the wood chips, the samples were put into a dryer (LBV-100, Jeio Tech, Daejeon and South Korea) and left there for 24 hours at 105 °C. The weight of the wood chips was measured using an electronic scale (XB4200HX, CAS, Yangju and South Korea) (18134-1, ISO, Genevaand Switzerland). To measure the particle size distribution of the wood chips, the particle sizes were classified into less than 5 mm (fines), 5 < Ø ≤ 10 mm (small sized chips), 10 < Ø ≤ 45 mm (medium sized chips), 45 < Ø ≤ 63 mm (large sized chips), and over 63 mm (oversized particles) in accordance with ISO 3310-2. The wet-basis moisture content was controlled at 20% and below to prevent particles from sticking together during the test. The particle size distribution test was performed using a vibrating screener (RP-10, CISA, Barcelonaand Spain), and then, the weights for each particle size class were measured ( Figure 4 ). 
Statistical Analysis
A statistical analysis was conducted on the productivity, fuel consumption, moisture content, number of feedings, weight of feeding per hour, and weight per turn data in order to identify influential factors affecting the chipping productivity based on the screen size of the drum chipper. SPSS 23.0 (IBM Inc., Armonk, Ny, USA) was used to perform the statistical analysis. Influential factors 
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A statistical analysis was conducted on the productivity, fuel consumption, moisture content, number of feedings, weight of feeding per hour, and weight per turn data in order to identify influential Forests 2019, 10, 1029 5 of 11 factors affecting the chipping productivity based on the screen size of the drum chipper. SPSS 23.0 (IBM Inc., Armonk, Ny, USA) was used to perform the statistical analysis. Influential factors were statistically identified by performing a one-way ANOVA analysis and Duncan's multiple range test (α = 0.05). Table 1 shows the average and standard deviation of the productivity, fuel consumption, number of feedings per hour, weight per turn, and operation cost of chipping operation by screen size. The analysis revealed that productivity showed a tendency to decrease as fuel consumption increased. The productivity and cost of the chipping operation were 11.3 oven dry ton (odt)/h and $19.4/odt at 65 mm. This was the most efficient (Table 1 ). In addition, the lowest fuel consumption (2.6 liters/odt) was when the sizes were 65 and 80 mm ( Figure 5 ). were statistically identified by performing a one-way ANOVA analysis and Duncan's multiple range test (α = 0.05). Table 1 shows the average and standard deviation of the productivity, fuel consumption, number of feedings per hour, weight per turn, and operation cost of chipping operation by screen size. The analysis revealed that productivity showed a tendency to decrease as fuel consumption increased. The productivity and cost of the chipping operation were 11.3 oven dry ton (odt)/h and $19.4/odt at 65 mm. This was the most efficient (Table 1 ). In addition, the lowest fuel consumption (2.6 liters/odt) was when the sizes were 65 and 80 mm ( Figure 5 ). It is generally known that productivity increases and fuel consumption decreases as the screen size increases for a drum chipper with increasing size of the chipper [9, 16] . As such, to analyze the effect of the screen size, one-way ANOVA analysis was conducted on productivity and fuel consumption. The analysis of the results showed that there were statistically significant differences depending on the screen size ( Table 2) . When post hoc tests were conducted using Duncan's multiple range test, it was found that 40 and 50 mm, as well as 65 and 80 mm belonged to the same groups, respectively ( Table 3 ). It is generally known that productivity increases and fuel consumption decreases as the screen size increases for a drum chipper with increasing size of the chipper [9, 16] . As such, to analyze the effect of the screen size, one-way ANOVA analysis was conducted on productivity and fuel consumption. The analysis of the results showed that there were statistically significant differences depending on the (Table 2) . When post hoc tests were conducted using Duncan's multiple range test, it was found that 40 and 50 mm, as well as 65 and 80 mm belonged to the same groups, respectively (Table 3) . According to the previous studies, Eliasson et al. [9] conducted research using a drum chipper (645, KESLA, Joensuu and Finland) and found that the operation productivity was increased by up to 2.2 times and fuel consumption decreased by up to 57.1% depending on the screen size (25, 50, and 100 mm). Roser et al. [16] conducted research using a drum chipper (C4560, KESLA, Joensuu and Finland) with screens and found that productivity was decreased by 47 m 3 as the screen size (35 and 80 mm) decreased. Although these results may slightly vary depending on the moisture content and the shape of the raw materials, productivity tended to increase and fuel consumption tended to decrease as the screen size increased. Nati et al. [7] reported that productivity and fuel consumption efficiency increased as the screen size increased for woodchippers with screens mounted on the bottom, respectively. In this study, it was found that productivity was higher at 65 mm than 80 mm, which was the largest screen size, and fuel consumption was similar. As 65 and 80 mm were in the same group from a statistical perspective, however, the tendency that productivity increased and fuel consumption decreased as the screen size increased was also found in this study as in the previous studies.
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Analysis of Productivity and Fuel Consumption of the Chipping Operation by the Number of Feedings and Screen Size
An analysis was conducted considering the number of feedings per hour as a factor that affects the productivity and fuel consumption of the chipping operation. It was found that the effect of the number of feedings per hour exhibited statistically significant differences depending on the screen size (Table 4) , and two number of feedings per hour groups were found (Table 5 ). The same letters are not significantly different at p = 0.05. a,b Duncan's multiple range test group.
The analysis results showed that when the number of feedings per hour was lowest for the same screen for a screen size of 40 mm, productivity was lowest ( Figure 6 ). The same letters are not significantly different at p = 0.05. a,b Duncan's multiple range test group.
The analysis results showed that when the number of feedings per hour was lowest for the same screen for a screen size of 40 mm, productivity was lowest ( Figure 6 ). Although the number of feedings per hour for 50 mm was similar to that of 40 mm, the weight per turn amount of 50 mm was higher than that of 40 mm, thereby resulting in higher productivity (Table 1) . When the number of feedings per hour was lowest for the same screen for a screen size of 50 mm, productivity was found to be highest, as opposed to for 40 mm. The effect of the weight per turn exhibited no statistically significant difference depending on the screen size (Table 6 ). This is because the number of feedings per hour was directly related to productivity. In particular, when the size was 65 mm, the weight per turn was 0.053 odt, which was lower than the 0.059 odt/turn when the size was 80 mm, and the number of feedings per hour was higher. Moreover, high productivity can be indirect evidence of the fact that it is beneficial to increase the number of feedings per hour within the range that can be accepted by the drum chipper. These results are similar to those of Rose et al. [16] , who showed that the number of feedings per hour and the operating time of the woodchipper were related to productivity and that the crane operation was affected by screen Although the number of feedings per hour for 50 mm was similar to that of 40 mm, the weight per turn amount of 50 mm was higher than that of 40 mm, thereby resulting in higher productivity (Table 1) . When the number of feedings per hour was lowest for the same screen for a screen size of 50 mm, productivity was found to be highest, as opposed to for 40 mm. The effect of the weight per turn exhibited no statistically significant difference depending on the screen size (Table 6 ). This is because the number of feedings per hour was directly related to productivity. In particular, when the size was 65 mm, the weight per turn was 0.053 odt, which was lower than the 0.059 odt/turn when the size was 80 mm, and the number of feedings per hour was higher. Moreover, high productivity can be indirect evidence of the fact that it is beneficial to increase the number of feedings per hour within the range that can be accepted by the drum chipper. These results are similar to those of Rose et al. [16] , who showed that the number of feedings per hour and the operating time of the woodchipper were related to productivity and that the crane operation was affected by screen size. It was found that the average fuel consumption was affected more by the screen size than by the number of feedings per hour as with productivity (Figure 7) . size. It was found that the average fuel consumption was affected more by the screen size than by the number of feedings per hour as with productivity (Figure 7 ). When the sizes were 65 and 80 mm, for which the number of feedings per hour was highest, the lowest fuel consumption was observed, and it was found that fuel consumption decreased as the number of feedings per hour increased for the same screen. When the sizes were 40 and 50 mm, however, the average fuel consumptions were found to be 3.7 and 3.5 liters/odt. This appears to be because the power transmission load increased as the screen size decreased due to the continuous raw material input, while the residence time of the produced wood chips in the chipper rotor was increased. These results are similar to those of Eliassion et al. [9] that fuel consumption increased as the screen size decreased during the chipping operation and fuel consumption was affected by the screen sizes. Therefore, further research is required considering factors affecting the chipping operation in addition to the application of a system capable of inputting the same amount and the measurement of the subsequent power transmission torque to identify the effects of factors such as the screen size and moisture content on the number of feedings per hour.
Analysis of the Particle Size Distribution of Wood Chips by Screen Size
The particle size distribution of wood chips was analyzed according to the screen size of the drum chipper. No chip with a size of 63 mm or larger was shown in the analysis of the particle size distribution by screen size (Figure 8 ). When the screen sizes were 65 mm and 80 mm, the distributions of the particle size of 45 < Ø ≤ 63 mm were 63.6% and 71.3%, respectively. When the sizes were 65 and 80 mm, for which the number of feedings per hour was highest, the lowest fuel consumption was observed, and it was found that fuel consumption decreased as the number of feedings per hour increased for the same screen. When the sizes were 40 and 50 mm, however, the average fuel consumptions were found to be 3.7 and 3.5 liters/odt. This appears to be because the power transmission load increased as the screen size decreased due to the continuous raw material input, while the residence time of the produced wood chips in the chipper rotor was increased. These results are similar to those of Eliassion et al. [9] that fuel consumption increased as the screen size decreased during the chipping operation and fuel consumption was affected by the screen sizes. Therefore, further research is required considering factors affecting the chipping operation in addition to the application of a system capable of inputting the same amount and the measurement of the subsequent power transmission torque to identify the effects of factors such as the screen size and moisture content on the number of feedings per hour.
The particle size distribution of wood chips was analyzed according to the screen size of the drum chipper. No chip with a size of 63 mm or larger was shown in the analysis of the particle size distribution by screen size (Figure 8 ). When the screen sizes were 65 mm and 80 mm, the distributions of the particle size of 45 < Ø ≤ 63 mm were 63.6% and 71.3%, respectively. Wood chips with a particle size of 10 < Ø ≤ 45 mm accounted for at least 80% of the total when the 40 mm screen and 50 mm screen were used. For these screen sizes, no chips were 45 < Ø ≤ 63 mm. This particle size of 45 < Ø ≤ 63 mm appeared when the 65 mm screen and 80 mm screen were used. Wood chips with a particle size of 5 < Ø ≤ 10 mm mostly appeared for the smallest screen size, the 40 mm sieve (3.7%). Fines with a particle size of 5 mm and below mostly occurred for the 40 mm screen (14.8%) and 50 mm screen (14.6%), but decreased to 11.9% and 6.6% for the 65 mm screen and an 80 mm screen, respectively (Figure 8 ). The distribution of these fines tended to increase along with the decrease of the screen size. The distribution of the particle size of 10 < Ø ≤ 45 mm tended to decrease along with the increase of screen size. This is because the retention time of chips in the rotor was reduced along with the increase of the screen size. Wood chips with a particle size of 10 < Ø ≤ 45 mm accounted for at least 80% of the total when the 40 mm screen and 50 mm screen were used. For these screen sizes, no chips were 45 < Ø ≤ 63 mm. This particle size of 45 < Ø ≤ 63 mm appeared when the 65 mm screen and 80 mm screen were used. Wood chips with a particle size of 5 < Ø ≤ 10 mm mostly appeared for the smallest screen size, the 40 mm sieve (3.7%). Fines with a particle size of 5 mm and below mostly occurred for the 40 mm screen (14.8%) and 50 mm screen (14.6%), but decreased to 11.9% and 6.6% for the 65 mm screen and an 80 mm screen, respectively (Figure 8 ). The distribution of these fines tended to increase along with the decrease of the screen size. The distribution of the particle size of 10 < Ø ≤ 45 mm tended to decrease along with the increase of screen size. This is because the retention time of chips in the rotor was reduced along with the increase of the screen size.
Improvement of Wood Chips' Quality by Screen Size
The wood chips' size distribution and moisture content are especially important factors for using wood chips as fuel [9] . Currently, the Specifications and Quality Requirements for Wood Products (2018) proposed by the National Institute of Forest Science [17] require that the fines content of wood chips should be less than 5% of the total weight based on the weight of wet matter. According to ISO 17827-1, the moisture content of wood chips should not exceed 60%, and when the particle size is property classes P16S, the moisture content needs to be less than 15%, and otherwise less than 10%. However, this study applied the National Institute of Forest Science requirements to the analysis of the particle size distribution.
As shown in Table 1 , the fines content according to screen size was at least 5%. When the screen size was 40 mm, the fines content was highest, the productivity was lowest, and a high cost was demanded. Besides, in general, the five types of screen sizes did not satisfy the requirements. A screening operation is needed to solve this problem.
Oh et al. [2] analyzed the particle size distributions before and after a screening operation for wood chips that had been produced by a cut-to-length harvesting system. The fines content before the screening operation was 10.7%, but decreased to 1.4% after the screening operation. In other words, the fines content was reduced by about 87.0%. Accordingly, productivity and cost were analyzed again by considering the screening operation and the fines content of less than 5% (Table 6 ).
Based on the cost calculation for a screening operation presented by Korea Forest Service [18] , the cost ($/odt) of the screening operation for this study was recalculated by considering the moisture content during the chipping operation. 
Based on the cost calculation for a screening operation presented by Korea Forest Service [18] , the cost ($/odt) of the screening operation for this study was recalculated by considering the moisture content during the chipping operation.
When the fines content was less than 5%, the cost of the chipping operation, with the 40 mm screen which was the highest cost decreased by 10.2%, respectively. In this case, since the screening operation was included, the total unit cost was $ 43.9/odt, which was higher than before the screening operation by 30.6%. Moreover, as the screen size increased, the productivity and cost of the chipping operation tended to increase and decrease, respectively by conducting the screening operation (Table 7) .
Forest biomass includes much ash and many leaves, which results in a high nitrogen content. Besides, the on-site treatment also causes the ingress of foreign substances. Accordingly, forest biomass as fuel creates many problems. However, if forest biomass is used as an energy source immediately after a logging operation, a drying cost, as well as an additional cost of a screening operation are required, which aim to satisfy the requirements regarding the size and ash content of wood chips. Thus, several additional costs may occur.
In this regard, the whole-tree harvesting system, which can reduce the ingress of foreign substances during extraction, needs to be applied to utilize wood chips made of forest biomass efficiently. A further study is also needed to decrease the drying cost by prediction of the moisture content according to drying time after the logging operation. Table 7 . Analysis of the productivity and cost of the chipping and screening operation considering fines particles by screen size (fine content was less than 5 percent). 
Screen
Conclusions
Recently, interest in the production of renewable energy using forest biomass has been increasing. The Renewable Energy Certificate (REC) weight revision is changing the flow of the forestry market for the extraction and utilization of unused forest biomass.
This study aimed to establish an efficient method of producing wood chips. Accordingly, this study inferred the effect of screen size (40, 50, 65, and 80 mm) on the chipping operation productivity and cost, fuel consumption, number of feedings per hour, weight per turn, and wood chip particle size distribution for forest biomass.
When it comes to the chipping operations, most of the studies showed that productivity increased and fuel consumption decreased as the screen size increased for most woodchippers with a screen. In this study, it was found that productivity was higher and fuel consumption was lower at 65 mm, rather than at 80 mm, which was the largest screen size, when the chipping operation was analyzed using four different screen sizes (40, 50, 65, and 80 mm). It appeared that productivity was higher at a screen size of 65 mm than at 80 mm because the number of feedings per hour was higher, and the arrangement of raw materials (diameter distribution and composition ratio) and the skill of the operator (less than one year) most directly affected productivity and fuel consumption at the time of the chipping operation. In addition, it was determined that the number of feedings per hour was important for the chipping operation. As for the particle size distribution of wood chips thus produced, the fines content was at least 5% for every screen size. However, the wood chips were so uniform that no particle size of over 100 mm appeared. Accordingly, the particle size was categorized to be 10-63 mm. When the screen size increased, the cost of the chipping operation decreased. To solve this problem, a screening operation for wood chips was considered.
The results of the re-analysis showed that, when the screen size was 40 mm, the productivity of chipping operations was increased by 10.8% and the cost of chipping operations decreased by 10.2%. Besides, as the screening operation was included, the total cost became 30.6% higher than before the screening operations.
Finally, further research is required to improve the efficiency of the chipping operations through an experimental design that considers the moisture content and arrangement (position, diameter distribution, and composition ratio) of various raw materials, as well as the skill of the operator. 
